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). Some invertebrate species develop LR asymmetric body structures using mechanisms arising from the intrinsic chirality of blastomeres or cells in tissues, which is distinct from the mechanism used in vertebrates, indicating that the processes for directional LR symmetric development diverged in evolution Inaki, Sasamura, & Matsuno, 2018b; Okumura et al., 2008) .
Several organs in Drosophila also show a directional LR asymmetric morphology (Hayashi & Murakami, 2001; Hozumi et al., 2006; Ligoxygakis, Strigini, & Averof, 2001; Pascual, Huang, Neveu, & Préat, 2004; Spéder, Ádám, & Noselli, 2006) . Among these organs, the embryonic gut is the first to show an LR asymmetric shape during development (Campos-Ortega, 2015; Hayashi & Murakami, 2001; Ligoxygakis et al., 2001 ). The embryonic hindgut shows a simple morphology with stereotypic LR asymmetry, in which a monolayer epithelial tube bends like a hook at its most anterior part (Figure 1a) . At an early stage of embryonic development (stage 12), the hindgut is LR symmetric and bends toward the ventral side of the embryo ( Figure  1a ). At the next stage of development (stage 12-13), the hindgut rotates anticlockwise 90°, which causes the hindgut to curve rightward and to be LR asymmetric ( Figure 1a ) (Hayashi & Murakami, 2001; Hozumi et al., 2006) . Neither cell division nor apoptosis is involved in this rotation (Campos-Ortega, 2015) . Moreover, the embryonic hindgut epithelial tube, but not the surrounding visceral muscles, is sufficient for this rotation (Hozumi et al., 2006; Nakamura et al., 2013) . Thus, LR asymmetric cell deformation of the hindgut epithelial cells themselves may contribute to the hindgut rotation.
| Cell chirality
In agreement with this idea, we previously reported that the epithelial cells of the embryonic hindgut show an LR asymmetric shape in their apical surface before hindgut rotation (Hatori et al., 2014; Inaki, Hatori et al., 2018a; Inaki, Liu, & Matsuno, 2016; Taniguchi et al., 2011) . Considering that the hindgut epithelial cells also have apical-basal polarity, the three-dimensional structure of these asymmetric hindgut epithelial cells cannot be superimposed onto their mirror image; they thus fulfill the definition of chirality (Taniguchi et al., 2011) . Thus, we designated this LR asymmetric property of the hindgut epithelial cells as "planar cell chirality" (Taniguchi et al., 2011) . After hindgut rotation, the planar cell chirality dissolves, and the epithelial cells become LR symmetric (Taniguchi et al., 2011) . In silico models suggested that this dissolution of cell chirality is sufficient to induce the LR asymmetric rotation of the embryonic hindgut (Inaki, Hatori et al., 2018a; Taniguchi et al., 2011) . We also showed that the dissolution of cell chirality induces LR asymmetric cell sliding in the hindgut epithelium, which involves LR asymmetric changes in the relative positions of cells without their junctional remodeling, and leads to hindgut rotation (Inaki, Hatori et al., 2018a) . Other groups showed that cell chirality is also involved in the LR asymmetric morphogenesis of the Drosophila male genital disk and adult gut (Petzoldt et al., 2012; Sato et al., 2015) .
In the Drosophila hindgut, cell chirality was found to be an intrinsic property of each individual cell (Hatori et al., 2014) . Consistent with this finding in vivo, cell chirality was recently observed in various cultured cells of vertebrates and in blastomeres of Caenorhabditis elegans and snails, implying that the cell chirality is a common and intrinsic feature of cells (Kuroda et al., 2009; Naganathan et al., 2014; Tamada, Kawase, Murakami, & Kamiguchi, 2010; Tee et al., 2015; Wan et al., 2011; Yamanaka & Kondo, 2015) . Although Formin is reported to be essential for the formation of cell chirality in mammalian cells and snail blastomeres, the mechanisms underlying cell chirality formation remain unclear (Davison et al., 2016; Tee et al., 2015) .
| Myosin ID in cell chirality and LR asymmetry
In Drosophila, Myosin ID (MyoID), which is encoded by the Myosin 31DF gene, has a critical role in switching the enantiomeric states of chiral cells (Hatori et al., 2014; Taniguchi et al., 2011) . In MyoID mutants, the chirality of the hindgut epithelial cells is the mirror image of their wild-type counterparts, and the direction of the hindgut rotation becomes reversed (Hatori et al., 2014; Taniguchi et al., 2011) . In addition to the hindgut, MyoID mutation switches the cell chirality in the male genital disk and adult gut, and consequently reverses the LR asymmetry of these organs as well (Sato et al., 2015; Spéder et al., 2006) . As a link between MyoID and cell chirality formation at the molecular level, it was recently reported that the motility of F-actin driven by MyoID occurs along curved paths in a counterclockwise direction in vitro (Lebreton et al., 2018) . Notably, MyoID is also reported to have essential roles in LR asymmetric development in vertebrates, suggesting an evolutionary conservation of this overall purpose, although the molecular functions of MyoID may vary (Tingler et al., 2018) .
MyoID functionally interacts with various cellular factors. For example, Abdominal-B (Abd-B), a Hox gene, is required to activate MyoID expression in the embryonic hindgut and the male genital disk (Coutelis et al., 2013) . In addition, MyoID was shown to interact with the adherens junctions and Dachsous (Ds) to regulate the LR asymmetry of the genital disk and adult gut, respectively (González-Morales et al., 2015; Petzoldt et al., 2012 with various cellular factors to execute its roles in LR asymmetric development.
| E and Id proteins
Given that MyoID is known to interact functionally and/ or physically with various cellular components, including a Hox transcription factor, other classes of transcription factors that globally contribute to embryonic development may also be important for its functions. The basic helix-loop-helix (bHLH) protein family is one such class of transcription factors (Wang & Baker, 2015a) . The bHLH proteins are broadly conserved in various organisms and regulate the transcription of a large number of target genes (Gyoja, 2017; Wang & Baker, 2015a) . One class of bHLH proteins, called E proteins, binds to the E-boxes in the cis-acting regulatory region of target genes as a homo-or heterodimer, and promotes gene transcription (Murre et al., 1989 differentiation proteins, also known as Id proteins, forms a heterodimer with bHLH proteins, including the E proteins, to inhibit their DNA binding (Ling, Kang, & Sun, 2014) . Thus, Id proteins act as antagonists of the E proteins (Ling et al., 2014) , and the balance between E and Id proteins controls various cellular events through the transcriptional regulation of E protein target genes (Bhattacharya & Baker, 2011; Ling et al., 2014; Wang & Baker, 2015a) . For example, the balance between E and Id proteins is reported to be important for regulating the cell-cycle and cell differentiation in mammals (Wang & Baker, 2015a) . Drosophila has single orthologous genes encoding the E and Id proteins, daughterless (da) and extra macrochaetae (emc), respectively (Caudy, Grell et al., 1988a; Caudy, Vässin et al., 1988b; Ellis, Spann, & Posakony, 1990; Garrell & Modolell, 1990) . Thus, the functions of the E and Id proteins are relatively easy to study in Drosophila compared with those in vertebrate systems, which have multiple E and Id proteins (Gyoja, 2017) . In Drosophila, Da forms a homodimer or a heterodimer with other bHLH proteins to upregulate the expression of target genes, whereas Emc functions as an antagonist of Da by forming an inactive heterodimer with it (Garrell & Modolell, 1990; Murre et al., 1989) . The transcriptional regulations involving Emc and Da control various developmental steps in Drosophila, including the spatial organization of neuroblasts, wing development and follicle cell differentiation (Bhattacharya & Baker, 2011; Cummings & Cronmiller, 1994; de Celis, Baonza, & García-Bellido, 1995; Ellis et al., 1990; Garrell & Modolell, 1990; Smith, Cummings, & Cronmiller, 2002) . Emc and Da also modulate various cell signaling pathways, such as the Notch pathway, in which their roles have been well studied (Wang & Baker, 2015a) .
In this paper, we report for the first time that the interaction between E and Id proteins controls LR asymmetric development. We show that a mutation of emc resulted in the hyperactivation of Da, which subsequently led to LR asymmetric defects of the embryonic hindgut in Drosophila.
These LR defects were coupled with the loss of cell chirality in the hindgut epithelium. Thus, the suppression of da by emc was essential for the formation of dextral cell chirality and the LR asymmetric development of the hindgut, although da was not required for these events. We also report a relationship between MyoID and Emc, and that MyoID functioned downstream of or parallel to Emc in LR asymmetric development and dextral cell chirality formation. Disorders in the E and Id protein balance are known to lead to defects in cell-fate decision or cell-cycle regulation (Ling et al., 2014; Wang & Baker, 2015a) . However, here we showed that an aberration in the interaction between E and Id proteins can also affect cell shape. Thus, our results may introduce a novel avenue for understanding the roles of E and Id protein interactions in various biological processes.
| RESULTS

| emc is required for LR asymmetric development of the embryonic hindgut
In wild-type embryos of Drosophila melanogaster, the hindgut shows a left-right (LR) symmetric morphology until embryonic stage 12, although it curves toward the ventral side of the embryo (Figure 1a,b) (Campos-Ortega, 2015; Hayashi & Murakami, 2001) . At stage 13, the hindgut rotates anticlockwise 90°, which makes it LR asymmetric, as it curves to the right (Figure 1a,c) . The direction and degree of the hindgut rotation are stereotypic in wild-type embryos, which rarely show incomplete rotation, LR inverse or nonlateral hindgut phenotypes (Figure 1d ) (Hayashi & Murakami, 2001; Hozumi et al., 2006) . Thus, the LR asymmetric morphology of the hindgut is strictly controlled genetically.
To elucidate the genetic mechanisms of LR asymmetric development in Drosophila, we carried out a genetic screen to find mutants showing LR asymmetric defects of the embryonic gut (Hozumi et Nakamura et al., 2013; Okumura et al., 2015; Taniguchi et al., 2007 Taniguchi et al., , 2011 . From this screen, we identified a novel allele of emc, emc tink . Tink was named after a character who has LR inverse internal organs in a Japanese animated series, Black Jack by Osamu Tezuka (Tezuka Production Co., Ltd). We found that the hindgut of emc tink homozygous embryos showed LR asymmetric defects, including LR inversion and LR symmetry (no laterality), at a frequency of about 25% ( Figure 1d ,e and Supporting Information Figure  S1 ). The contribution of emc to the LR asymmetric development of the hindgut was confirmed by the observation that embryos homozygous for emc 2 , a preexisting allele of emc, Genes to Cells
also showed the LR defects of the hindgut ( Figure 1d , and Supporting Information Figure S1 ). In addition, the hindgut of embryos homozygous for emc
AP6
, a preexisting null allele of emc, and those trans-heterozygous for emc tink and emc
showed similar LR defects to those of the emc tink homozygote ( Figure 1d ,f,g and Supporting Information Figure S1 ). These results suggested that emc tink is a null mutant of emc genetically. However, heterozygotes for emc AP6 did not show LR defects, showing that these LR inversion phenotypes were recessive ( Figure 1d , and Supporting Information Figure S1 ). Sequencing showed that emc tink has a deletion in the coding sequence of the emc locus that results in the loss of a C-terminal glutamine-rich region in the deduced Emc protein (Figure 1h ,i). Similar Gln-rich repeats are found in many Drosophila proteins and are known to have various critical roles (Grabowski, Carney, & Kelley, 1991; Rice & Liu, 2015; Wharton, Yedvobnick, Finnerty, & Artavanis-Tsakonas, 1985) , including potentially in the Emc protein (Garrell & Modolell, 1990) . Our finding that emc tink was a null mutant supported the idea that the Gln-rich repeat has an essential role in Emc's function.
To investigate the role of emc in LR asymmetric development of the hindgut, we first examined the tissue(s) in which emc is required to generate the normal LR asymmetric morphology of this organ. First, we examined the emc expression in the hindgut of wild-type embryos by in situ hybridization during development ( Figure 2 ). We found that emc was expressed in the hindgut primordium at stage 11 in all of the embryos examined (n = 12) ( Figure 2a ,a′,b,b′ and Supporting Information Table S1 ). The emc expression continued in the hindgut at stage 12, when the hindgut started and completed its rotation, in all cases examined (n = 17) ( Figure 2c ,c′,d,d′ and Supporting Information Table S1 ). However, emc was only weakly expressed in the hindgut at stage 14 in most of the embryos (14 out of 21), when the hindgut rotation was completed ( Figure 2e and Supporting Information Table S1 ). In contrast, a sense probe (negative control) did not show a strong signal from stage 11 to 14 in wild-type embryos (Figure 2f -j). Thus, emc was expressed just before and during the rotation of the embryonic hindgut. Based on this expression pattern, we decided to examine the potential role of emc in the tissues of the hindgut.
We previously showed that the epithelial cells of the hindgut, but not of the visceral muscles overlying them, are responsible for the LR asymmetric development of the hindgut (Hozumi et al., 2006 (Hozumi et al., , 2008 Nakamura et al., 2013) . Thus, we misexpressed UAS-emc::GFP in the hindgut epithelium of the emc AP6 homozygote using a hindgut epithelium-specific Gal4 driver line, NP2432, and found that the LR defects associated with emc AP6 were significantly suppressed (NP2432>emc::GFP in emc AP6 in Figure 1d and Supporting Information Figure S1 ). UAS-emc::GFP is known to have the wild-type functions of emc and to produce the predicted protein size on a Western blot (Popova, He, Korenjak, Dyson, & Moon, 2011) . In emc AP6 homozygotes carrying either UAS-emc::GFP or NP2432 (negative controls), the LR defects were not suppressed ( Figure 1d ). The misexpression of UAS-GFP driven by NP2432 also did not suppress the LR defects of emc AP6 (NP2432>GFP in emc AP6 in Figure 1d and Supporting Information Figure S1 ). In addition, neither UASemc::GFP expression in the visceral muscles of the hindgut, driven by hand-Gal4, nor the emc AP6 homozygote carrying only hand-Gal4 (negative control) suppressed the LR defects of the emc AP6 homozygote (hand>emc::GFP in emc AP6 and hand-Gal4; emc AP6 in Figure 1d , and Supporting Information Figure S1 ) (Kuroda et al., 2012) . Collectively, these results suggested that a function of emc in the embryonic hindgut epithelium is required for normal LR asymmetric development of this organ. We also found that the misexpression of UASemc::GFP driven by NP2432 in wild-type embryos did not lead to LR defects of the embryonic hindgut ( Figure 1d and Supporting Information Figure S1 ), indicating that excess emc activity did not affect the LR asymmetric development of the hindgut, even though emc was required for this process.
| Suppression of da by wild-type emc is required for normal LR asymmetric development of the embryonic hindgut
Id proteins, including Emc in Drosophila, are known to bind to E proteins and suppress their activity (Ling et al., 2014) . Daughterless (Da) is the E protein in Drosophila, and its activity has been shown to be suppressed by Emc in various tissues and organs (Garrell & Modolell, 1990; Murre et al., 1989) . Thus, we speculated that the da function might also be suppressed by wild-type emc in the hindgut of wild-type embryos ( Figure 3a) . If so, Da should be hyperactivated in the hindgut of emc homozygotes, which might lead to the LR defects of this organ (Figure 3a' ). To examine this possibility, we specifically over-expressed UAS-da in the hindgut epithelium under control of the NP2432 line (NP2432>da in Figure 3b ,d). These embryos showed LR asymmetric defects of the hindgut similar to those of the emc AP6 homozygote, suggesting that the LR defects of the hindgut in emc homozygotes were caused by a derepression of da ( Figure  3b ,e and Supporting Information Figure S2 ). NP2432 or UAS-da alone did not affect the LR asymmetry of the hindgut (NP2432-Gal4/+ and UAS-da/+ in Figure 3b and Supporting Information Figure S2 ). Notably, a da null mutant, da 10 , did not show LR defects ( Figure 3b ,f and Supporting Information Figure S2 ), indicating that da is not required for the normal LR asymmetric development of the hindgut, even though its over-expression was sufficient to impede this process. This result was consistent with our observation that the misexpression of emc in the hindgut epithelium of wild-type embryos, in which the da activity was presumably suppressed | Genes to Cells
further, did not disrupt the LR asymmetric development of the embryonic hindgut ( Figure 1d ). Based on these results, we speculated that a hyperactivation of da due to the absence of wild-type emc results in the LR defects of the hindgut of emc mutant embryos.
Given that the hyperactivation of da was responsible for the LR defects in emc mutants, we speculated that the LR defects associated with the emc mutation would be suppressed in a double homozygote with da. In agreement with this scenario, we found that embryos double homozygous for emc and da did not show the LR defects ( Figure 3b ,g and Supporting Information Figure S2 ). The expression level of da increased in emc mutant cells, because the derepression of Da is known to result in auto-activation of the da gene through a positivefeedback mechanism (Figure 3a' ) (Bhattacharya & Baker, 2011) . It was difficult to quantify the induction of da expression in emc mutants by in situ hybridization, because the da expression was ubiquitous and weak in stage 11-12 embryos. Thus, we used quantitative PCR (qPCR), which showed that the da transcript level in whole embryos homozygous for emc AP6 was 15 times the wild-type level (Figure 3h ). Taking these results together, we concluded that Emc is required for Genes to Cells
the normal LR asymmetric development of the embryonic hindgut in wild-type Drosophila, which is mediated by the inhibition of Da activity.
| The Emc-Da function may be related to that of MyoID in the control of hindgut LR asymmetry
In MyoID mutant Drosophila homozygotes, the LR asymmetry of various organs, including the embryonic hindgut, is the mirror image of that in wild type (Hozumi et al., 2006; Sato et al., 2015; Spéder et al., 2006) . Considering that both emc and MyoID affect the LR asymmetry of the embryonic hindgut, we investigated the functional relationship between these two genes with respect to the LR phenotypes of the hindgut. MyoID
K2
, a MyoID null mutant, showed the inversion of hindgut LR asymmetry at 80% frequency ( Figure  4a ,c and Supporting Information Figure S3 ), whereas, as mentioned above, the emc AP6 homozygote showed LR inversion in the hindgut at about 30% frequency (Figure 4a, Supporting Information Figure S3 ). We found that MyoID K2 ; emc AP6 double homozygous mutants showed the MyoID K2 mutant-like phenotype, which was 80% LR inversion ( Figure  4a , and Supporting Information Figure S3 ). However, double heterozygotes of MyoID K2 and emc AP6 did not show significant LR defects ( Figure 4a , and Supporting Information Figure S3 ). These findings suggested that MyoID is epistatic to emc in the control of LR asymmetric development of the embryonic hindgut.
To evaluate this idea further, we examined whether the over-expression of MyoID rescued the LR defects of the hindgut in emc homozygotes. First, we confirmed that the LR defects of the MyoID K2 homozygote were significantly rescued by the over-expression of UAS-MyoID::RFP in the hindgut epithelium, driven by NP2432 (NP2432>MyoID::RFP in MyoID K2 in Figure 4a ,e and Supporting Information Figure   S3 ). UAS-MyoID::RFP alone (negative control) did not rescue the LR defects of the MyoID K2 homozygote (MyoID
; Figure 4a , and Supporting Information Figure S3 ). However, UAS-MyoID::RFP overexpressed in the hindgut epithelium of the emc AP6 homozygote, driven by NP2432 (NP2432>MyoID::RFP in emc
UAS-MyoID::RFP/+ in
AP6
), significantly rescued the LR defects of the hindgut ( Figure  4a ,f, and Supporting Information Figure S3 ). As described above, the over-expression of UAS-da in the hindgut epithelium, driven by NP2432, resulted in LR defects in the hindgut of wild-type embryos (NP2432>da), suggesting that da is hyperactivated in the hindgut epithelium of emc mutants, leading to defects in the LR asymmetric development of this organ (Figure 3b,d and 4a,g ). We found that the LR defects associated with da over-expression were significantly suppressed by the co-overexpression of UAS-MyoID::RFP (NP2432>da>MyoID::RFP), but not of UAS-GFP (negative control, NP2432>da>GFP) (Figure 4a ,h and Supporting Information Figure S3 ). These observations were consistent with the idea that MyoID is epistatic to emc in the control of the LR asymmetric development of the embryonic hindgut. Thus, MyoID functions downstream of or parallel to Emc in the LR asymmetric development of this organ.
Although it is equally possible that Emc-Da functions upstream of or parallel to MyoID based on the observed epistasis between MyoID and emc mutants, we suspected that emc normally induced the MyoID expression by inactivating Da, because Emc-Da is known to function as a transcription factor (Ellis et al., 1990; Garrell & Modolell, 1990; Murre et al., 1989) . To test the former hypothesis, we compared the expression level of the MyoID gene between wild-type and emc mutant embryos. However, we did not detect a statistically significant difference in the amount of MyoID mRNA between these two conditions (Supporting Information Figure S4 ), suggesting that Emc-Da does not regulate the transcription of the MyoID gene. In addition, as Drosophila E-Cadherin (Dros. E-Cad) and MyoIC (Myosin 61F in Drosophila) were also shown to be involved in the LR asymmetric development of the embryonic hindgut (Hozumi et al., 2008; Okumura et al., 2015; Taniguchi et al., 2011) , we examined the expression level of these genes in the emc mutant. However, again, we did not observe statistically significant differences in the expression of these genes between wild-type and emc mutant embryos (Supporting Information Figure S4 ). Thus, we have not yet identified the target(s) of Emc-Da that may directly or indirectly interact with the MyoID protein in controlling the LR asymmetry of the hindgut. Alternatively, it is also possible that Emc-Da and MyoID act in parallel to affect a common target(s) that is responsible for the dextral cell chirality formation.
| Formation of the dextral cell chirality depends on da suppression by emc
We previously showed that chiral cell deformation drives the anticlockwise rotation of the hindgut epithelial tube (Hatori et al., 2014; Taniguchi et al., 2011) . In the wild-type hindgut, before its rotation (at stage 12), hindgut epithelial cells show cell chirality, in which their apical cell boundaries tend to tilt leftwards (Figure 5a ) (Hatori et al., 2014; Inaki, Hatori et al., 2018a; Taniguchi et al., 2011) . Subsequent cancelation of this cell chirality leads to the hindgut rotation (Figure 5a′ ) (Taniguchi et al., 2011) . We also previously showed that this cell chirality does not form properly in mutants that show LR defects in their embryonic hindgut (Taniguchi et al., 2011) . Thus, we suspected that the cell chirality does not form normally in emc mutants, leading to the LR defects of this organ. To quantify the cell chirality, we obtained confocal microscopic images that showed the focal plane corresponding to the apical region of the hindgut epithelial cells, detected by anti-Dros. E-Cad antibody staining, as described previously (Figure 5b ) (Taniguchi et al., 2011) . We then calculated the angle θ between the apical cell boundaries and the anteriorposterior axis of the hindgut, and computed the chirality index for each embryo using the following formula: (Figure 5b,b′) . In this formula, N R and N L represent the numbers of boundaries with θ values from 0 to 90° and from −90 to 0°, respectively (Figure 5b,b′) . In this analysis, the chirality index is less than 0 if the apical cell boundaries tend to tilt to the left side of the hindgut AP axis (Figure 5b,b′) . We found that the apical cell boundaries tilted leftward in the wild-type hindgut, for which the mean chirality index was −0.10 ± 0.03 (dextral chirality) ( Figure  5c,d) . In contrast, in the hindgut of the MyoID K2 homozygote, the cell chirality was the mirror image (sinistral) of that in wild type, with a chirality index of 0.13 ± 0.03 (Figure 5c ,e). These results recapitulated our previous findings that wildtype and MyoID mutant cells show dextral and sinistral states of cell chirality, respectively (Hatori et al., 2014; Taniguchi et al., 2011) . We also measured the chirality index in the Genes to Cells ISHIBASHI et Al. 
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UAS-MyoID:
:RFP-overexpressing embryonic hindgut epithelium of otherwise wild-type flies. These embryos showed a chirality index similar to that of wild type (chirality index: −0.16 ± 0.02; Figure 5c ). This result is consistent with our previous finding that the LR asymmetry of the embryonic gut is not affected by the over-expression of MyoID in this tissue (Hozumi et al., 2006) . Next, we measured the cell chirality of the hindgut cells in the emc AP6 mutant. In the emc AP6 homozygote, the mean chirality index was nearly 0, indicating that the cell chirality disappeared and that the shape of the apical cell boundaries was LR symmetric in the hindgut epithelium on average ( Figure  5c ,f). To examine whether emc was necessary to generate the dextral cell chirality in the hindgut epithelium, we specifically over-expressed emc::GFP, driven by NP2432, in this tissue in the emc AP6 homozygote, and found that the cell chirality was significantly restored (p < 0.01; NP2432>emc::GFP in emc AP6 in Figure 5c and Figure 5k ). Thus, we concluded that emc is required for the formation of dextral cell chirality in this tissue, which is responsible for the LR asymmetric development of the hindgut. Consistent with our finding that da over-expression resulted in LR embryonic hindgut defects similar to those of emc mutants (Figure 3b,d ), we also found that the cell chirality was abolished by NP2432-driven da over-expression in the hindgut epithelium, in which the chirality index was 0.04 ± 0.02 (p < 0.01; NP2432>da in Figure 5c ,g).
As the LR defects of the embryonic hindgut associated with emc mutation were effectively restored by over-expressing MyoID in the hindgut epithelium ( Figure  4a,d,f) , we speculated that the loss of cell chirality in the hindgut epithelium of emc mutants could be also restored by MyoID over-expression in this tissue. We first confirmed that the tissue-specific over-expression of UAS-MyoID::RFP in the hindgut epithelium, driven by NP2432, changed the cell chirality from sinistral to dextral (chirality index: −0.06 ± 0.02) in the MyoID K2 mutant (NP2432>MyoID::RFP in MyoID K2 in Figure 5c ,h) (Hatori et al., 2014; Taniguchi et al., 2011) . We then similarly over-expressed UAS-MyoID::RFP in the emc AP6 homozygote and found that the loss of cell chirality associated with the emc AP6 mutation was also significantly restored to the dextral state in these embryos, in which the cell chirality index changed from 0.01 ± 0.02 to −0.14 ± 0.04 (compare NP2342>MyoID::RFP in emc AP6 and emc AP6 in Figure   5c ,f,i). In the emc mutants, we ascertained that hyperactivated da causes LR asymmetric defects of the embryonic hindgut (Figure 3a,a′) . We thus examined whether the cell chirality defects in the da-overexpressing embryos could be rescued by co-overexpressing MyoID in the hindgut epithelium, and found that the cell chirality was restored from the achiral to the dextral state in this tissue (chirality index: −0.12 ± 0.02; NP2342>da>MyoID::RFP in Figure   5c ,j). We also found that the apical surface of the hindgut cells expanded in the embryos homozygous for emc mutations (Figure 5d,f) . However, our analyses showed that this expansion of the apical size was not relevant to the cell chirality formation or the LR asymmetry of this organ (data not shown). Finally, to elucidate the relationship between the cell chirality and the LR asymmetry of the hindgut, we analyzed the correlation coefficient between these two properties. The proportion of hindguts showing normal LR asymmetry that was calculated in Figures 1, 3 and 4 showed a strong negative correlation with the chirality index (R = −0.922), suggesting that dextral cell chirality tends to induce the normal LR asymmetric development of the hindgut (Figure 6a ). These observations further suggest that the cell chirality controlled through Emc-Da and MyoID is responsible for the LR asymmetric development of the embryonic hindgut. Taking these results together, we speculated that MyoID functions downstream of or parallel to the regulatory pathway of Emc and Da for the cell chirality formation and LR asymmetric development of the hindgut (Figure 6b ).
| DISCUSSION
| da needs to be suppressed by emc for the proper development of LR asymmetry of the embryonic hindgut
The regulatory network composed of E and Id proteins is known to control a large number of cell-fate decisions, from Drosophila to humans (Ling et al., 2014; Wang & Baker, 2015a) . In this study, we extended our understanding of this regulatory network by showing that the suppression of an E protein Da by an Id homologue Emc is required for normal epithelial morphogenesis, in the LR asymmetric rotation of the hindgut tube in Drosophila. Emc forms inactive heterodimers with various bHLH proteins, including Da, a ubiquitous partner, and tissue-specific bHLH proteins, such as proneural bHLH proteins (Ellis et al., 1990) . We here identified emc tink as a novel null allele of emc that disrupts the LR asymmetry of the embryonic hindgut (Figure 1d,e) . The deduced product of emc tink lacks a Gln-rich region located at the C-terminus. This Gln-rich region is conserved in various bHLH proteins, including Hairy, in which it appears to be important for regulating the protein's degradation (Wainwright & Ish-Horowicz, 1992) . Our present results suggest that the Gln-rich region in Id also has an essential role in its function (Figure 1i ). We found that the LR defects of the hindgut associated with a null mutant of emc were completely suppressed when combined with a da mutation (Figure 3b,g ), indicating that they could be completely attributed to the hyperactivation of da. Consistent with this role of emc and da in the Genes to Cells
embryonic hindgut, we also found that emc was expressed in the embryonic hindgut before and during hindgut rotation ( Figure 2) ; the ubiquitous expression of da during embryogenesis was previously reported (Vaessin, Brand, Jan, & Jan, 1994) .
Although the hyperactivation of da was responsible for the LR defects of the hindgut in the emc mutant ( Figure  3b,d) , we also found that da was dispensable for the normal LR asymmetric development of the hindgut (Figure 3b,f) . The hyperactivation of da was harmful to this process, indicating that da's function needs to be suppressed by the wildtype emc to achieve the normal LR asymmetric development. Da is known to regulate the transcription of many target genes (Wang & Baker, 2015a) . For example, the expression of expanded (ex) is positively regulated through the binding of Da to the regulatory region of the ex gene (Wang & Baker, 2015b) . However, in the present study we were unable to identify the target gene(s) of Da responsible for the LR asymmetric development of the embryonic gut. Previously identified genes that are involved in the LR asymmetric development of the embryonic hindgut include Dros. E-Cad and MyoID (Taniguchi et al., 2011) . However, we were unable to detect alterations in the expression of these genes in emc mutant embryos (Supporting Information Figure S4 ). To identify the genes responsible for inducing the LR defects in emc mutants, we are currently analyzing alterations in the expression level of genes in the da-overexpressing hindgut using an RNA-seq approach.
| The Emc-Da cascade is essential for the formation of dextral cell chirality
We previously showed that the dissolution of cell chirality in the hindgut epithelial cells is responsible for the LR directional rotation of this organ (Hatori et al., 2014; Inaki, Hatori et 2011). In agreement with this process, we here found that cell chirality was not observed in the hindgut epithelium of the emc mutant (Figure 5c,f) . We also found a lack of cell chirality in da-overexpressing hindgut epithelial cells, consistent with our idea that the hyperactivation of da in the hindgut epithelial cells causes the LR defects in the emc mutant (Figure 5c,g ). Thus, we speculate that at least a downstream target gene of Da is involved in the formation of cell chirality, although such target genes currently remain unknown (Supporting Information Figure S4) . However, importantly, we showed that the over-expression of MyoID in the hindgut epithelial cells of emc mutant embryos restored both their cell chirality and the LR asymmetric development of the hindgut (Figure 4a,f, 5c,i and 6b) . Thus, the crucial defects responsible for the failure in cell chirality formation associated with the loss of emc function or the hyperactivation of da in these epithelial cells could be compensated for by an excess amount of MyoID. Similarly, the LR defects of the hindgut and male genitalia in an Abd-B Drosophila mutant, in which the default state of LR asymmetry is disrupted, are restored by over-expressing MyoID (Coutelis et al., 2013) . In addition, our analysis of genetic epistasis between emc and MyoID in the cell chirality formation and LR asymmetric development of the hindgut showed that MyoID functions downstream of or parallel to Emc. Thus, the target gene(s) of Da encodes a protein that presumably has some relationship with MyoID biochemically. Although this part of the pathway remains unknown at this point, one possibility is that the Emc-Da cascade influences the activity of MyoID to promote F-actin gliding in a counterclockwise path, as observed in vitro (Lebreton et al., 2018) .
| Implication for the roles of cascades involving Id and E proteins in human diseases
E and Id genes are reported to be involved in development and morphogenesis by controlling cell proliferation and cell differentiation (Ling et al., 2014; Wang & Baker, 2015a) . For example, mutant mice of TCF4, which encodes the E2-2 protein, show defects in hindbrain development, and Id1 and Id3 mutant mice show cranial bone deformation and vascular malformations in the brain (Wang & Baker, 2015a) . In Drosophila, a mosaic analysis in the imaginal disks showed that emc mutation leads to abnormal tissue specifications in the adult wings, legs, halteres and notum (Alonso & García-Bellido, 1988; de Celis et al., 1995) . In addition, dysregulations of E-Id cascades are responsible for various human diseases (Lasorella, Benezra, & Iavarone, 2014; Ling et al., 2014; Wang & Baker, 2015a) . For example, TCF4 is a causal gene of schizophrenia or Pitt-Hopkins syndrome in humans (Wang & Baker, 2015a) . An E-Id cascade is also disrupted in Diamond-Blackfan anemia patients, implying that human bHLH is associated with bone marrow development (Wang & Baker, 2015a) . Thus, our current understanding of the pathology of human diseases associated with aberrations of the E-Id cascade has been mostly restricted to defects in cell-fate decisions including the control of cell death and cell proliferation (Lasorella et al., 2014; Wang & Baker, 2015a) . In contrast, in this study, we showed that the E-Id cascade also regulates specific properties of cell shape. The suppression of an E protein (Da) by Id (Emc) was essential for the formation of dextral cell chirality (Figure 6b) . Thus, our results indicate that cell shape change, which may drive tissue deformation, should also be considered a possible outcome of the defects in E-Id cascades. Local cell shape plays an important role in organ morphogenesis (Lecuit & Lenne, 2007) . Thus, our results suggest that disorders in tissue and organ structure should be considered as potential pathologies in diseases associated with defective E-Id cascades. , an amorphic allele (Petzoldt et al., 2012) . The following UAS lines were used: UAS-emc::GFP (Popova et al., 2011) ; UAS-da (Bloomington #51669; Giebel, Stüttem, Hinz, & CamposOrtega, 1997) ; and UAS-MyoID::mRFP (Hatori et al., 2014) . The following Gal4-driver lines were used: NP2432, a hindgut epithelium-specific driver (Kyoto DGRC #104201; Hayashi et al., 2002) , and hand-Gal4, a visceral muscle cellspecific driver (Kuroda et al., 2012 
| EXPERIMENTAL PROCEDURES
| Drosophila strains and genetic crosses
| Staining of embryos
Antibody staining was carried out as previously described (Hozumi et al., 2006) . The following primary antibodies were used at the dilution indicated: mouse anti-phosphotyrosine antibody (PY20) (1:1,000, BD Biosciences), rat anti-Dros.
| Quantitative PCR
To quantify the gene products of da, MyoID and MyoIC in wild-type and emc mutant embryos, we carried out quantitative PCR as previously described (Okumura et al., 2015) . Total RNA was isolated from 30 embryos (stage 12-13) of wild-type or emc AP6 homozygous flies using Isogen (Nippon Gene), and 1 μg of each total RNA sample was used for cDNA synthesis, which was carried out using the PrimeScript RT reagent Kit with gDNA Eraser (Takara), according to the product manual. The amount of da, MyoID or MyoIC transcript was normalized to that of a housekeeping gene, Actin5C (Act5C). The primers used to amplify da were 5′-TGATGCGTTGACCTCGTTTGTGC-3′ and 5′-AAGTGCTGCATTGGACGTGTTGC-3′. The primers used to amplify MyoID were 5′-ATTTGGCGCACAATT GCCGCTG-3′ and 5′-TTGGCCGTGGATTTCAAGTGC TG-3′. The primers used to amplify MyoIC were 5′-AATCGTGGCCAGCATTCTGCATC-3′ and 5′-TGCGTTT ACACCCAGCAAACGAG-3′. The primers used to amplify Act5C were 5′-TTCGCTGTCCACCTTCCAGCAG-3′ and 5′-AAGCACTTGCGGTGCACAATGG-3′. Quantitative PCR was carried out using SYBR Premix Ex Taq II (Takara) and the Real-Time PCR System (7300, Applied Biosystems), according to the manufacturer's instructions. The mean amounts of transcript were compared by Welch's t test, and a p-value (p) <0.05 was considered significant.
| Western blot analysis
Each protein sample was prepared from fifty wild-type or emc AP6 embryos. The embryos were homogenized in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl (pH 8.0), 1% of Triton X-100) with cOmplete EDTA-free Protease Inhibitor (Sigma-Aldrich). After centrifugation for 5 min at 8,000×g, the supernatant was incubated for 3 min at 95°C, and the protein extract was applied to a 7% SDS-PAGE gel. The separated proteins were transferred onto an Immobilon-P membrane (Millipore) according to the manufacturer's instructions. The primary antibodies used were rat anti-Dros. E-Cadherin (1:100, DSHB) and rat anti-tubulin alpha YL1/2 (1:1,000, AbD Serotec). To detect the proteins, HRP-conjugated secondary antibodies (1:1,000, Jackson ImmunoResearch) and Clarity Western ECL Substrate (Bio-Rad) were used.
| Quantification of anti-Dros. E-Cad antibody staining
Embryos were stained with anti-Dros. E-Cad and anti-PY20 antibodies. Optical sections of the hindgut epithelium were captured by a confocal microscope (LSM880, Carl Zeiss) and converted to a z-projection image using ImageJ Fiji. Ten boundaries were randomly selected, and the mean signal intensity along the boundaries was calculated. For normalization, the ratio of the intensity of the anti-Dros. E-Cad to PY20 staining was calculated using ImageJ Fiji.
| Analysis of cell chirality in hindgut epithelial cells
Cell chirality was analyzed as previously described (Taniguchi et al., 2011) . Briefly, we obtained the images of apical cell boundaries at the focal plane corresponding to the adherence junctions, which were detected by anti-Dros. ECad antibody staining, in the dorsal part of the embryonic hindgut just before its rotation (at stage 12) using a confocal microscope (LSM880, Carl Zeiss). Based on these images, the angles (θ) between the anterior-posterior axis of the hindgut tube and each cell boundary were determined by ImageJ Fiji. To quantify the LR asymmetric slanting of the apical cell boundaries in the hindgut epithelial cells, a chirality index was calculated as (N R − N L )/(N R + N L ), where N R was the number of boundaries with 0° <θ < 90°, and N L was the number of boundaries with −90° <θ < 0°, for each embryo. The chirality index was measured in a double-blind manner, in which the person analyzing the cell boundaries did not know the genotypes of the embryos. The mean values of the chirality indexes were compared by Tukey-Kramer's multiple test, and p < 0.05 was considered significant.
